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Abstract 
The spin-phonon coupling in magnetic materials is due to the modulation of the exchange 
integral by lattice vibrations. BaFe12O19 M-type hexaferrite, which is the most used 
magnetic material as permanent magnet, transforms into ferromagnet at high 
temperatures, but no spin-phonon coupling was previously observed at this transition. In 
this letter, we investigated the temperature-dependent Raman spectra of polycrystalline 
BaFe12O19 M-type hexaferrite from room temperature up to 780 K to probe spin-phonon 
coupling at the ferrimagnetic transition. An anomaly was observed in the position of the 
phonon attributed to the Fe(4)O6 octahedra, evidencing the presence of a spin-phonon 
coupling in BaM in the ferrimagnetic transition at 720 K. The results also confirmed the 
spin-phonon coupling is different for each phonon even when they couple with the same 
spin configuration. 
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M-type ferrites play a leading role in applications involving permanent magnets, 
covering more than 90% of the market  [1]. This is mainly due to their high electrical 
resistivity and low magnetic losses, which enables its application in magnetic and 
microwave devices. One M-type hexaferrite that has been widely is the barium 
hexaferrite, often called BaM, that has also interesting additional properties as large 
magnetic anisotropy, high saturation magnetization, high chemical stability and high 
ferrimagnetic transition (TC = 723 K) [2]. Thus, BaM is widely applied as permament 
magnets, particulate media for magnetic recording, and also in multilayers chip inductors 
operating in GHz frequency range  [3–5] [6,7]. 
BaM, as all M-type hexaferrites, at room temperature crystallizes in a structure 
which often is described in terms of two structural blocks: the spinel S block 
(Fe3+2Fe3+4O8)2+ and the R block (BaFe6O11)2-, which are stacked in a SRS*R* way to 
form the structure, where * indicates a 180° rotation of the block around the c-axis. This 
structure is known as magnetopumblite, whose symmetry belongs to the space group 
𝑃63/𝑚𝑚𝑐 with 64 atoms in unit cell. In this structure the Fe
3+ ions, which have spin 
magnetic moment 5/2, are distributed within three kinds of octahedral sites, one 
tetrahedral site, and one bipyramidal site. This five magnetically non-equivalent site 
occupation by the iron ions leads to a complex magnetic structure that exhibits a 
ferimagnetic phase up to 723 K, when it transforms into a paramagnetic one  [8]. Also, it 
was recently reported multiferroicity in BaM, being observed ferroelectric hysteresis loops 
at room temperature  [9] as well as in Sc-doped BaM, in which a conical state was 
stabilized up to above room temperatures tunning the Sc-dping concentration  [10] 
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Although spin-phonon coupling is frequently investigated and observed in other 
multiferroic and magnetoelectric compounds [11–15], in hexaferrites there are few works 
reporting the observation of this phenomenon, being observed only for BaM at low 
temperatures [16] and recently for Z-type hexaferrites at high temperatures [17]. 
However, spin-phonon coupling plays an important role in hexaferrites, once it is related 
to magnetoelectric effect in Z-type hexaferrites [18].  
In this letter we probed the spin-phonon coupling in BaM hexaferrite by Raman 
spectroscopy at high temperature. The Raman spectra for this structure were firstly 
obtained by Kreisel et al for BaM single crystals at room temperature  [19], and more 
recently by Chen et al  [16] for low temperatures. Kreisel et al also obtained the room-
temperature Raman spectrum for BaM thin films synthesized by chemical vapor 
deposition (CVD) [20].  However, at the best of our knowledge, ceramics samples had 
not been investigated through Raman technique, mainly at high temperatures, where the 
Raman spectra are usually low intensity and a spin-phonon coupling is difficult to be 
observed. 
Polycrystalline BaM was prepared by conventional solid state reaction method 
according to a stoichiometric mixture of BaCO3 and Fe2O3 starting oxides. After mixing, 
the oxides were grounded using an agatha mortar and pestle, and sieved to obtain a 
homogeneous-sized powder. The powder was calcined at 1200 °C under air  
atmosphere for 4h. The purity and crystalline structure of sample were probed by X-ray 
powder diffraction (XRPD) using a Bruker D8 Advance with Cu-Kα radiation (40 kV, 40 
mA) over a range from 20° to 100° (0.02°/step with 0.3s/step).  The powder  diffraction 
pattern was compared with data from ICSD (Inorganic Crystal Structure Database, FIZ 
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Kalsruhe and NIST) International diffraction database (ICSD# 201654), which confirmed 
the formation of pure magnetoplumbite BaM  phase. For Raman spectroscopy 
measurements, the polycrystalline powder was mixed with a 2% solution of PVA 
(polyvinyl alcohol) used as binder and uniaxially pressed into 13mm pellets at 4 metric 
tons. The pellets were placed in alumina crucibles with sacrificial powder of same 
composition and sintered under air at 1200°C for 16h to obtain dense ceramics. Raman 
spectroscopy measurements were performed in a 
Raman spectrometer Horiba model iHR550 coupled to a microscope Olympus BX41 
equipped with a long-working distance objective (20x,20.5 mm) lens. The 662 nm line of 
a diode laser operating at 17mW was used to excite the Raman signal, which was 
collected in an air-cooled Synapse CCD. High temperature measurements were 
performed by furnace TS 1200 LIKAM model in the range 300 K to 780 K. 
Figure 1a shows the room-temperature Raman spectrum of BaM, in which 15 
modes can be clearly observed. At room temperature group theory predicts 42 Raman-
active phonons in BaM, whose distribution in terms of the irreducible representation of 
the  6/𝑚𝑚𝑚  factor group is 11𝐴1𝑔 ⊕ 14𝐸1𝑔 ⊕ 17𝐸2𝑔. This spectrum is similar to that 
observed by Kreisel et al  [19], which performed a consistent assignment of the modes, 
permitting us to obtain a good comparative phonon assignment. Therefore, the band at 
721 cm−1 is a Fe(3)O4 tetrahedral stretching, while the mode at 686 cm−1 is associated 
with the bipyramid FeO5, both with 𝐴1𝑔 symmetry. The band at 618 cm
−1 is due to a 
octahedra mode mix of 𝐸1𝑔 and 𝐸2𝑔. The mode at  470 cm
-1 is attributed to Fe(4)O6 
octahedra, with 𝐴1𝑔 symmetry, as well as the bands at 412 cm
−1 and 339 cm-1, which are 
due to the Fe(5)O6 octahedra and mixed octahedral vibration, respectively.  Finally, the 
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bands at 186 and 174 cm−1 are modes of the whole spinel blocks with symmetry 𝐸1𝑔. The 
classification of these phonons is summarized in Table I. 
 
Figure 1 – (a) Room-temperature Raman spectrum observed in BaM. (b-c) Temperature-
dependent Raman spectra of BaM at low wavenumber (b) and high wavenumber (c) 
regions of the spectrum starting from 300 K (bottom – black line) up to 780 K (top – wine 
line) in steps of 50 K. 
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Table I – Assignment of the main Raman-active modes observed in BaM. 
Wavenumber 
Symmetry Assignment 
This Work Kreisel et al  [19] 
174 173 E1g Whole spinel block 
186 184 E1g Whole spinel block 
339 335 A1g Octahedra (mixed) 
412 409 A1g Fe(5)O6 octahedra dominated 
470 467 A1g Octahedra Fe(1)O6 and Fe(5)O6 
618 614 A1g Octahedra Fe(4)O6 
686 684 A1g Bipyramid Fe(2)O5 
721 719 A1g Tetrahedra Fe(3)O4 
 
 Figures 1b and 1c show the temperature-dependent Raman spectra of BaM from 
room temperature up to 780 K. As expected, the Raman spectra do not show any subtle 
change since BaM does not show a structural phase transition in this temperature range. 
However, it is important point out that the Raman spectra keep a good intensity even at 
high temperatures. Also, clearly the intensity ratio between the 339 cm-1 and 680 cm-1 
bands decreases significantly when the temperature increases. 
 The temperature dependence of the positions of some selected bands is shown in 
Figure 2. In Figure 2a and 2b we can see clearly an anomaly in the position of the Raman 
bands observed in 618 cm-1 and 720 cm-1 at 721 K, which is the Curie temperature of 
BaM, when BaM transforms into ferrimagnetic. Considering just anharmonic contributions 
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to the temperature dependence of the phonon positions, they are modeled by Balkanski 
model [21], which shows that the position of a phonon depends on the temperature as 
𝜔(𝑇) = 𝜔𝑜 − 𝐶 [1 +
2
(𝑒ℏ𝜔𝑜/𝑘𝐵𝑇−1)
]    (1) 
with 𝐶 and 𝜔𝑜 being fitting parameters. Therefore, this anomaly is not expected once BaM 
has no structural phase transition at this temperature. Thus, this anomaly can be 
associated with two phenomena: a phonon renormalization due to a spin-phonon 
coupling; or due to a magnetostrinction effect. However, any anomaly was observed in 
the lattice parameters of BaM when it undergoes this magnetic transition [22], which 
eliminates the possibility magnetostrinction effect possibility. Thus, this anomaly is due to 
a spin-phonon coupling at the magnetic transition in BaM. A similar effect it was recently 
observed at low temperatures in BaM as reported by Xiang-Bai Chen et al [16]. The effect 
was stronger in these modes and was not observed in other phonons, as it is shown in 
Figures 2c and 2d.  
 Clearly, the anomaly observed in this phonon position changes the slope of the 
curve at TC, as it is indicated by the dashed lines in Figure 2a and 2b, which suggest the 
coupling is significant. The spin-phonon coupling contribution Δ𝜔𝑠−𝑝ℎ  to the temperature 
dependence of the phonon position is given by [23] 
Δ𝜔𝑠−𝑝ℎ = 𝜆〈𝑆𝑖 ∙ 𝑆𝑗〉       (2) 
where 𝜆 is the spin-phonon coupling constant, which can be positive or negative and it is 
different for each phonon; while 〈𝑆𝑖 ∙ 𝑆𝑗〉 is the scalar spin correlation function, which is 
negative in ferrimagnetic ordering case. Therefore, this observation indicates that, 
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although the spin fluctuation is strong at temperatures higher than 200 K  [16], the 
coupling is strong enough to be observed in this transition. 
 
Figure 2 – Temperature dependence of the positions of some selected Raman-active 
modes. The dashed lines are guide for the eyes. The dotted line indicates the 
ferrimagnetic transition. 
 
 Also, this coupling observed in the 618 cm-1 and 721 cm-1 modes confirms the 
assumption raised by Xiang-Bai Chen et al [16], which proposed the spin-phonon 
coupling 𝜆 is different for each phonon, even if they are coupled with same spin-spin 
interaction, since these authors do not observed a coupling in the phonon at 720 cm-1, 
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but on that in 618 cm-1 and 680 cm-1. Of course the behavior of each phonon, and 
consequently, of each coupling constant, depends on the relative motion of the phonon 
vibration in relation with the spin alignment. 
In addition, an anomaly is observed in the FWHM of the mode observed at 680 
cm-1, as it is shown in Figure 3a. The temperature dependence of the FWHM of a Raman 
mode due to purely anharmonic effects is also given by Balkanski model as 
Γ(𝑇) = Γ𝑜 [1 +
2
(𝑒ℏ𝜔𝑜/2𝑘𝐵𝑇−1)
]    (3) 
where Γ𝑜 is a fitting parameter. In the high temperature limit, this model predict a linear 
behavior for Γ(𝑇), as it is observed in Figure 3a until the ferromagnetic transition (see the 
dashed line which is a linear fitting of Γ(𝑇)). Physically the FWHM is related to the phonon 
lifetime  [24]. Thus, a slight change in the lattice due to the coupling changes slightly the 
phonons lifetime and, consequently, the FWHM. This effect is also frequently related to a 
spin-phonon coupling when observed at magnetic transitions [25] [26], confirming our 
assumption of a spin-phonon coupling in BaM at high temperatures. 
 Finally, as commented, there is a clear intensity reduction of the most intense 
phonon, observed at 680 cm-1, in relation to the modes in the low wavenumber region. 
We plot the ratio between the intensities of the mode at 340 cm-1 and 680 cm-1, which is 
shown in Figure 3b. We see the ratio increases significantly with the temperature and, at 
the ferrimagnetic transition, it shows a clear anomaly.  
In conclusion, detailed temperature-dependent Raman spectra of polycrystalline 
BaM were obtained at high temperatures from room temperature up to 780 K,  which 
highlighted a spin-phonon coupling at the Curie temperature in the mode associated to 
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the Fe(4)O6 octahedra and Fe(3)O4 tetrahedra. This observation confirmed the spin-
phonon coupling is different for each phonon even when the phonons couple with the 
same spin configuration. 
 
 
Figure 3 – (a) Temperature dependence of the FWHM of the mode observed at 680 cm-
1. (b) Ratio between the intensities of the modes observed at 340 cm-1 and 680 cm-1. The 
dashed lines are guide for the eyes. The dotted line indicates the ferromagnetic transition. 
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